Abstract Under stress, plant cellular proteins can be oxidized at multiple amino acid residues causing protein dysfunction that may lead to reduced viability of plants. One of the oxidized amino acids, methionine sulfoxide (MetO), was frequently found in stressed plants. In soybeans, there are five methionine-R-sulfoxide reductases (GmMSRBs) responsible for the reduction of Met-R-O, one of the two MetO isomers. To identify GmMSRBs that may be involved in repairing Met-R-O under different stress conditions, we determined transcript levels of GmMSRBs in various tissues subjected to dehydration/drought, high salinity, and abscisic acid (ABA) during different developmental stages. Under normal conditions, expression levels were the highest in leaves, followed by roots, and lowest in seeds and seed pods. Among the GmMSRBs, transcripts of GmMSRB1 in the leaves were the highest; at the same time, GmMSRB5 was shown to be expressed at the lowest levels. Expression of GmMSRBs were then determined under stress-inducing conditions. In seedling shoots, GmMSRB2 and GmMSRB5 were expressed in response to drought conditions. In vegetative V6 trifolia, only GmMSRB3 was induced under drought. In reproductive R2 trifolia, the expression of GmMSRB2 and GmMSRB5 were induced by drought. However, expressions of all five GmMSRBs in the roots were not affected by the any stressinducing conditions. Under salt stress, GmMSRB1 was downregulated in seedling shoots and GmMSRB5 was up-regulated in seedling roots. Treatment with ABA did not affect the transcript levels of any GmMSRBs in seedling shoots. However, this treatment up-regulates GmMSRB2 in seedling roots. Our data suggested that with the exception of GmMSRB4, all the remaining four GmMSRBs play a role in soybean responses to multiple environmental stresses and that genes encoding cytosolic and plastidic GmMSRBs respond differently under stress.
Introduction
In living organisms, free and protein-based methionine (Met) can be reversibly converted to methionine sulfoxide (MetO) by cellular reactive oxygen species. MetO occurs in a diastereomeric mixture of methionine-S-sulfoxide (Met-S-O) and methionine-R-sulfoxide (Met-R-O) (Stadtman 1993) . Met oxidation was found to occur in various signaling proteins in a way that affects their functions (Stadtman 1993; Vogt 1995; Sun et al. 1999; Balog et al. 2003; Ezraty et al. 2004; Su et al. 2007; Carruthers and Stemmer 2008; Erickson et al. 2008) . To repair oxidized Met in proteins, organisms evolved two enzyme families, methionine-S-sulfoxide reductase (MSRA) that reduces Met-S-O and methionine-R-sulfoxide reductase (MSRB) that reduces Met-R-O. In vivo modulation of MSR activities has been reported in yeast (Koc et al. 2004; Le et al. 2009 ), fruit fly (Ruan et al. 2002) (Moskovitz et al. 2001) , which affects the resistance to oxidative stress and lifespan. In plants, Romero et al. were the first to demonstrate a role of Arabidopsis plastidal MSRAs in the defense against oxidative stress (Romero et al. 2004) . Later, Laugier et al. proposed a role for Arabidopsis plastidal MSRBs in maintaining the integrity of the photosystem antenna under environmental constraints (Laugier et al. 2010) . A study of transgenic tomato showed that overexpressing a pepper MSR gene, CaMSRB2, could protect the plants against oxidative stress and phytophthora pathogen infection (Oh et al. 2010) . Very recently, the role of Arabidopsis cytosolic AtMSRB7 and AtMSRB8 in conferring tolerance to oxidative stress was also demonstrated (Li et al. 2012) , whereas overexpression of AtMSRB1 and AtMSRB2 in plastids did not improve resistance to high light stress (Laugier et al. 2012) . The former group recently also reported that Arabidopsis cytosolic MSRB conferred stress tolerance to the plants by acting on two glutathione transferases, GSTF2 and GSTF3 (Lee et al. 2014 ). This study also suggested a list of potential targets of AtMSRB7. In our previous report, we showed that overexpression of GmMSRB2 or GmMSRB4 were shown to provide protection against oxidative stress in yeast lacking all three MSRs (Le et al. 2013) . Of particular interest, we also found that GmMSRB2 can reduce free MetO, an activity normally not found in common MSRB (Le et al. 2013) . To gain further insight into the roles of GmMSRBs in soybean responses to abiotic stresses, in the present study, we quantified the expression levels of these five GmMSRBs in various tissues under normal and stress-inducing conditions such as drought/ dehydration, high salinity, and abscisic acid (ABA) treatment.
Materials and methods
Plant growth, stress treatment, and sample collection Dehydration stress treatment and samples collection of seedling plants were performed as described in Le et al. (Le et al. 2011a) . The protocol for sample collections of V6 vegetative and R2 reproductive stages were conducted as in Le et al. (Le et al. 2012b ). For salt stress and ABA treatments, seeds were germinated in 6-L pots containing vermiculite and were allowed to grow in greenhouse conditions (continuous 30°C temperature, photoperiod of 12 h/12 h). At 12-day old, the seedlings were carefully removed and washed to remove excess soil, then transferred to either distilled water (water control treatment), 250 mM NaCl, or 100 lM ABA for 2 and 10 h. After exposure to treatments for indicated durations, the roots and shoots of soybean plants were collected separately and immediately frozen in liquid nitrogen until RNA isolation was performed.
Transcriptional expression analysis by quantitative real-time PCR
The isolation of RNA, DNAse I treatment, and cDNA synthesis were performed as in Le et al. (2011a) . Briefly, tissues were ground into fine powder and Trizol (ThermoFisher Scientific Waltham, USA) was added and the next steps were performed according to manufacturer protocol. The resulting RNA was treated with Ambion Turbo DNAse I (ThermoFisher Scientific, Waltham, USA) according to the manufacturer's recommendation. DNAse I-treated RNA was used for first-strand cDNA synthesis. Quantitative real-time PCR were performed using following primers:
These primers were designed by Primer3 (Rozen and Skaletsky 2000) . Primer specificity was checked by BLAST against soybean genome. Fbox was used as reference gene as was suggested in our earlier study (Le et al. 2012a ).
Statistical analyses of data
Each stress treatment on the soybean plants was done in triplicates (three independent plants). QPCR were performed once for each replicate. To identify if a gene was induced or repressed by the stress treatment, we compared two mean values using a Student's t test provided in MS Excel.
Results

Expression of GmMSRB genes in various tissues under normal conditions
Our previous in silico analysis revealed five genes encoding GmMSRBs in the soybean genome (Le et al. 2013) . To identify the role of each gene, first we analyzed their expression patterns in various tissues under normal growth conditions. We quantified transcript levels of five genes encoding GmMSRBs in a number of soybean tissues collected at different developmental stages, including from leaves of young seedlings, V6 and R2 plants, roots from young seedlings, root tips, and whole roots of R2 plants, as well as seed organs, namely, seeds and seed pods from R5 and R7 stage plants. Data presented in Fig. 1 showed that GmMSRB1 was expressed the most strongly among the five GmMSRBs examined, and the highest expression levels were observed in the leaf tissues. Interestingly, this gene expressed at very low levels in nonleaf tissues. This coincided with findings that the enzyme encoded by this gene was predicted to be localized in chloroplast (Le et al. 2013) . Out of five GmMSRBs, GmMSRB5 displayed the lowest expression level in all tissues examined, suggesting a less important role for this gene in normal conditions among the GmMSRBs. GmMSRB3 and GmMSRB4 exhibited moderate expression levels in all of the tissues. Furthermore, their transcript levels were relatively higher in leaf tissues although they were still lower than that of GmMSRB1. GmMSRB2, encoding a cytosolic protein, was found to be expressed at relatively low levels in all the tissues. Its transcript levels were only higher than that of GmMSRB5. It was also evident from the results that the green tissues possessed higher levels of GmMSRBs. In the seed tissues (pods, R5 and R7 seeds), GmMSRB3 and GmMSRB4 had higher expressions than other GmMSRBs.
Expression of GmMSRB genes under drought and dehydration stresses
Next, to investigate the role of each GmMSRB gene under drought stress, we measured their transcripts in the leaves and roots at seedlings, vegetative, and reproductive stages under normal and drought or dehydration conditions. We found that in the seedling leaves (shoots), only GmMSRB2 and GmMSRB5 were transcriptionally induced by dehydration ( Fig. 2A, B) . Surprisingly, none of the GmMSRBs was transcriptionally affected in the seedling roots by dehydration. After withholding water to induce drought stress on V6 plants, we collected young V6 trifolia and determined expression levels of GmMSRBs in these leaves.
Results showed that only expression of GmMSRB3 was induced by drought at statistically and biologically significant levels (Fig. 2C) . To have an idea of the role of GmMSRBs at reproductive stage, we also measured transcripts of five GmMSRBs in the R2 young trifolia and R2 root tips under drought (R2 leaves) or dehydration (R2 root tips) conditions. We found that both GmMSRB2 and GmMSRB5, a segmental duplicated pair (Le et al. 2013 ), were transcriptionally induced by drought in R2 trifoliate (Fig. 2D) . Nevertheless, in the R2 dehydration root tips, none of the GmMSRBs was transcriptionally affected (Fig. 2E ). On the basis of this finding, it is very likely that GmMSRBs play a role in the leaves, but not in roots under drought or dehydration stress. In addition, this result also indicated that soybean plants responded by expressing different GmMSRBs at different stages although to the same environmental stresses (Fig. 2) .
Expression of GmMSRBs under high salinity stress
Apart from drought, high salinity is also a critical abiotic stress, greatly affecting soybeans productivity in many countries (reviewed in Manavalan et al. 2009 ). To check if the GmMSRBs were also responsive to salt stress, we treated young seedling soybean plants with 250 mM NaCl and water control in a time course manner, then collected shoots and roots separately for expression study. Using RTqPCR, we quantified the transcript levels of GmMSRBs in these tissues and found that in the shoots of the soybean seedlings, GmMSRB1 was transcriptionally down-regulated but only after 10 h treatment. Meanwhile, GmMSRB5 was transcriptionally up-regulated several folds at both 2 and 10 h of treatment. It should be noted that even at the induced levels, the expression of GmMSRB5 was still lower than that of GmMSRB1 (Fig. 3A) . In the seedling roots, only the up-regulation of GmMSRB5 transcript under high salinity was significant, which was twofold higher after 10 h treatment in comparison with water control. Our data indicated that the stress-responsiveness of GmMSRB5 in the leaves was similar for both high salinity and dehydration stress (Figs. 2A, 3A) .
Expression of GmMSRBs under ABA treatment
ABA is a plant hormone regulating various physiological activities. It has been known that plants respond to osmotic stresses through both ABA-dependent and ABA-independent pathways. To determine which, if any GmMSRBs Fig. 2 Expression profiles of GmMSRBs in shoots (A) and roots of young soybean seedlings (B), V6 young trifolia (C) and R2 young trifolia (D) and root tips (E) under normal and drought or dehydration conditions. S0, S2, S10 and R0, R2, R10 representing expression levels of shoot (S) or root (R) at 0, 2, and 10 h after dehydration treatment. Expression levels of GmMSRs were compared with that of Fbox. Genes whose expression levels were induced or repressed more than twofold with a p value\0.05 (Student's t test) were marked with an asterisk contribute to soybean responses to drought and salt stress through ABA-dependent and/or -independent pathways, we measured their transcripts in the tissues with and without ABA treatments. Data (Fig. 3C, D) indicated that only the expression of GmMSRB2 in the seedling roots was affected by the ABA treatment. GmMSRB2 encodes a cytosolic form of MSRB and its transcript was induced more than twofold in the roots after 2 h treatment with 100 lM ABA (Fig. 3D ).
Discussion
Understanding how plant responds to stress is critical for molecular breeding or genetic engineering of crops. With the pressures of rapidly increasing population and climate change, it is necessary to develop improved varieties of crops, especially soybeans, which are a common source of vegetable oils and proteins. To this end, a great deal of efforts has been spent on gene discovery, including screening and in planta validation. We have previously reported the identification of a number of soybean candidate genes involved in abiotic stress responses, including those belonging to two-component system (Le et al. 2011a) , encoding transcription factors (Le et al. 2011b) , and those involved in cytokinin metabolism (Le et al. 2012b) . In a recent study, we identified five GmMSRBs in the soybean genome: the cytosolic form encoded by GmMSRB2 was able to reduced free Met-R-SO, a rare activity among MSRBs (Le et al. 2013) . In that study, we also noticed that GmMSRB3 was highly responsive to drought in V6 leaves, which was also confirmed in this current report. GmMSRB1 was previously found to be induced by drought in some trifolia. In this work, GmMSRB1 was also induced by drought in the V6 trifolia; however, such induction was not statistically significant. In this study, we rigorously analyzed expression profiles of GmMSRBs in various tissues and under multiple stress conditions, including drought, dehydration, high salinity, and ABA exposure. Our results, as summarized in Table 1 , indicated that among the stress-responsive GmMSRBs, all except one was up-regulated and that the GmMSRB4 gene was transcriptionally unaffected by any of the stress treatments in any of the tissues examined. This analysis also revealed that drought and dehydration stresses did not alter the expressions in the roots of all GmMSRBs (Table 1 ; Fig. 2 ). Two-hour treatment with ABA did not affect the expression of any GmMSRBs in the seedling leaves. Although GmMSRB5 exhibited the lowest expression levels under normal conditions in all tested tissues ( Fig. 1) , it was the gene identified as most responsive to the stresses tested in this study ( Table 1 ), suggesting that this gene may be reserved to function only when the plant is stressed. GmMSRB1 displayed the highest expression levels among GmMSRBs under normal conditions in all tested tissues (Fig. 1 ) but was not affected by stresses, except showing a twofold down-regulation after 10 h of high salinity treatment. Finally, our study also found that stress-responsive patterns of genes encoding cytosolic GmMSRBs (GmMSRB2 and GmMSRB5) differed from that of the genes encoding plastidic GmMSRBs (GmMSRB1, GmMSRB3, and GmMSRB4) in which genes encoding cytosolic GmMSRBs were more transcriptionally responsive to stresses. These data were well aligned with other reports on the stress-responsive expressions of genes encoding methionine sulfoxide reductases. Using MSR activity assay, Oh et al. found that this activity in Arabidopsis was increased upon exposure to various stressors (Oh et al. 2005) . Other examples included a gene encoding an MSRB from hot pepper was reported to regulate oxidative stress defense and pathogen attack (Oh et al. 2010) . and OsMSRB1.1 was induced in rice by multiple stress-inducing conditions (Guo et al. 2009 ). Using western blotting, MSRB was also found up-regulated in Arabidopsis under photo oxidative stress (Viera Dos Santos et al. 2005) . A recent report by Zhu et al. showed that genes encoding MSRBs in maize were also transcriptionally induced by abiotic stresses (Zhu et al. 2015) . Taken together, this study provides hints into the strategic selection of GmMSRBs for genetics engineering of soybeans tolerant to abiotic stress. 
